Understanding the evolution of the free-living, cyanobacterial, diazotroph Trichodesmium is of great importance because of its critical role in oceanic biogeochemistry and primary production. Unlike the other >150 available genomes of free-living cyanobacteria, only 63.8% of the Trichodesmium erythraeum (strain IMS101) genome is predicted to encode protein, which is 20-25% less than the average for other cyanobacteria and nonpathogenic, free-living bacteria. We use distinctive isolates and metagenomic data to show that low coding density observed in IMS101 is a common feature of the Trichodesmium genus, both in culture and in situ. Transcriptome analysis indicates that 86% of the noncoding space is expressed, although the function of these transcripts is unclear. The density of noncoding, possible regulatory elements predicted in Trichodesmium, when normalized per intergenic kilobase, was comparable and twofold higher than that found in the gene-dense genomes of the sympatric cyanobacterial genera Synechococcus and Prochlorococcus, respectively. Conserved Trichodesmium noncoding RNA secondary structures were predicted between most culture and metagenomic sequences, lending support to the structural conservation. Conservation of these intergenic regions in spatiotemporally separated Trichodesmium populations suggests possible genus-wide selection for their maintenance. These large intergenic spacers may have developed during intervals of strong genetic drift caused by periodic blooms of a subset of genotypes, which may have reduced effective population size. Our data suggest that transposition of selfish DNA, low effective population size, and high-fidelity replication allowed the unusual "inflation" of noncoding sequence observed in Trichodesmium despite its oligotrophic lifestyle. marine microbiology | oligotrophic | evolution genomics | nitrogen fixation T he low availability of N (and fixed carbon) in the midlatitude upper oceans provides an important niche for autotrophic organisms that can fix atmospheric nitrogen, which can exert control over global primary production (1-3). Nitrogen fixation is a prokaryotic process with a high-energy demand, and oceanic cyanobacteria are known to be significant sources of this "new" nitrogen (nitrogen that is fixed from the atmosphere or NO 3 advected from depth) (4, 5). Molecular field data have shown that a handful of cyanobacterial diazotrophs responsible for oligotrophic nitrogen fixation can reach relatively high cell numbers (6-12) and be of significant biogeochemical importance (13-16). These include photosynthetic free-living forms, such as the filamentous Trichodesmium and the unicellular Crocosphaera and Cyanothece, and photosynthetic and nonphotosynthetic symbiotic forms, such as heterocystous Richelia and Candidatus Atelocyanobacterium thalassa (3, 5, 17) .
Understanding the evolution of the free-living, cyanobacterial, diazotroph Trichodesmium is of great importance because of its critical role in oceanic biogeochemistry and primary production. Unlike the other >150 available genomes of free-living cyanobacteria, only 63.8% of the Trichodesmium erythraeum (strain IMS101) genome is predicted to encode protein, which is 20-25% less than the average for other cyanobacteria and nonpathogenic, free-living bacteria. We use distinctive isolates and metagenomic data to show that low coding density observed in IMS101 is a common feature of the Trichodesmium genus, both in culture and in situ. Transcriptome analysis indicates that 86% of the noncoding space is expressed, although the function of these transcripts is unclear. The density of noncoding, possible regulatory elements predicted in Trichodesmium, when normalized per intergenic kilobase, was comparable and twofold higher than that found in the gene-dense genomes of the sympatric cyanobacterial genera Synechococcus and Prochlorococcus, respectively. Conserved Trichodesmium noncoding RNA secondary structures were predicted between most culture and metagenomic sequences, lending support to the structural conservation. Conservation of these intergenic regions in spatiotemporally separated Trichodesmium populations suggests possible genus-wide selection for their maintenance. These large intergenic spacers may have developed during intervals of strong genetic drift caused by periodic blooms of a subset of genotypes, which may have reduced effective population size. Our data suggest that transposition of selfish DNA, low effective population size, and high-fidelity replication allowed the unusual "inflation" of noncoding sequence observed in Trichodesmium despite its oligotrophic lifestyle. marine microbiology | oligotrophic | evolution genomics | nitrogen fixation T he low availability of N (and fixed carbon) in the midlatitude upper oceans provides an important niche for autotrophic organisms that can fix atmospheric nitrogen, which can exert control over global primary production (1) (2) (3) . Nitrogen fixation is a prokaryotic process with a high-energy demand, and oceanic cyanobacteria are known to be significant sources of this "new" nitrogen (nitrogen that is fixed from the atmosphere or NO 3 advected from depth) (4, 5) . Molecular field data have shown that a handful of cyanobacterial diazotrophs responsible for oligotrophic nitrogen fixation can reach relatively high cell numbers (6) (7) (8) (9) (10) (11) (12) and be of significant biogeochemical importance (13) (14) (15) (16) . These include photosynthetic free-living forms, such as the filamentous Trichodesmium and the unicellular Crocosphaera and Cyanothece, and photosynthetic and nonphotosynthetic symbiotic forms, such as heterocystous Richelia and Candidatus Atelocyanobacterium thalassa (3, 5, 17) .
Trichodesmium cells can grow either as trichomes (i.e., filaments) or aggregates and form three types of classically described colonies, including radial puffs, vertically aligned fusiform tufts, and bowties (e.g., refs. [18] [19] [20] . Trichodesmium spp. form blooms throughout the nitrogen-limited Atlantic and Pacific Oceans (21) , as well as the Arabian and Red Seas (19, 22) , and in the North Pacific Subtropical Gyre, they dominate a recurrent annual phytoplankton bloom (23) . The up-to-multimillimeter-sized Trichodesmium colony environment can be an oasis of fixed N and C in the oligotrophic oceans (24, 25) and has been observed to contain a varied assemblage of organisms, ranging from prokaryotes and unicellular eukaryotes to juvenile copepods and decapods (26) (27) (28) (29) (30) (31) with metabolisms including heterotrophs and anoxygenic and oxygenic phototrophs, as well as mixotrophic eukaryotes. Thus, in contrast to most other unicellular oligotrophs, Trichodesmium can either live in a colonial habitat dominated by extensive physical interactions with both sister cells and other taxa and/or as free trichomes that can constitute a significant fraction of the Trichodesmium water column biomass (32) . These varying ecological lifestyles can partition Trichodesmium into different subpopulations with dynamic states including multiple morphologies, genotypes, and varied physical interactions. Furthermore, a specific population may interchange between trichome-and colony-dominated biomass.
Significance
The free-living cyanobacterium Trichodesmium is a major source of new nitrogen and fixed carbon to the tropical and subtropical oceans, but despite its importance, we know little about the molecular mechanisms it uses to succeed in its oligotrophic habitat. Here we show that its gene-sparse genome is littered with large, conserved, expressed intergenic spaces, which is atypical for most known free-living prokaryotes. Paradoxically, although its genome is enriched in predicted transposases and repeat sequences, it exhibits conserved intragenus synteny and similar intergenic architecture relative to its sympatric, genedense relatives Prochlorococcus and Synechococcus. This observation demonstrates a successful alternative to the genomic streamlining strategy observed in other free-living oligotrophs such as Prochlorococcus or Pelagibacter.
Trichodesmium erythraeum IMS 101 (hereafter IMS101) was isolated in 1991 by Prufert-Bebout et al. from the Gulf Stream off the coast of North Carolina (33) , and since then a handful of other strains have been isolated by Waterbury and others (20, 34, 35) ; however, virtually nothing is known about the similarity of its unusual genome architecture to the genome structure of natural populations. Additionally, efforts to cryopreserve Trichodesmium have been unsuccessful, which presents a challenge due to the requirement of constant culturing and maintenance.
In recent years, numerous studies on unicellular, oligotrophic microbes have observed relatively high coding percentages and genomic streamlining in sympatric, nondiazotrophic cyanobacteria (e.g., refs. 36-41) as well as other dominant, marine heterotrophic bacteria (e.g., refs. [42] [43] [44] . In these aforementioned studies, streamlining has been used to describe both gene loss and general genome reduction primarily as a result of selection for greater metabolic efficiency in nutrient-poor regimes rather than mainly deriving from population-level processes. Accordingly, populationlevel processes suggest that the reduced impact of genetic drift as a result of elevated effective population sizes exhibited by freeliving microbial taxa is sufficient to allow for selection against accumulation of excess DNA within a population (45, 46) . This latter population-level stance argues that microbial genome reduction has been primarily a result of weakened nonadaptive forces rather than any one strong selective force increasing metabolic efficiency.
Hence, fitting with a small predicted effective population size as well as the absence of nitrogen limitation, many cyanobacterial diazotrophs (e.g., Crocosphaera, Cyanothece, Cylindrospermopsis, etc.) do not have the conventionally defined streamlined genomes seen in other marine taxa (40, 42, (45) (46) (47) . Similar to IMS101, these genomes are enriched in predicted insertion sequences, repeats, and regulatory proteins (41, 48, 49 ), yet despite this fact still retain much larger coding percentages (≥80%) than Trichodesmium. Until now, the low gene density and large intergenic spacers have only been observed in the genome of IMS101 that has been maintained in culture for approximately two decades. Here, we explore the degree of genome architecture conservation between spatiotemporally segregated Trichodesmium isolates as well as natural populations.
A defining feature of Trichodesmium ecology involves populations with dynamic, multicellular morphotypes (e.g., single trichomes or different colony types), where one of these forms may dominate the population (including blooms) at different times (e.g., refs. 19, 31, and 32). Therefore, we hypothesize that high transposon load coupled to periodic nonadaptive, bloom-driven reductions in effective population size from a subset of morphological genotypes harboring different epibiotic consortia may have substantially contributed to production and maintenance of large intergenic regions, proliferation of repetitive DNA, and subsequent selection for noncoding regulatory regions. This trajectory may have ultimately allowed Trichodesmium to evolve one of most intergenic-rich genomes of any free-living prokaryote.
Results and Discussion IMS101 Genome Does Not Exhibit Streamlining. Genomic streamlining has been associated with vitamin and amino acid auxotrophies, simplified carbon and nitrogen metabolism, a low abundance of pseudogenes, limited motility, and little to no selfish DNA (e.g., insertion sequences, transposons, etc.) (36-38, 42, 50-52) . Compared with four sympatric reference marine picoplankton genomes (Synechococcus WH8102 and CC9311 and Prochlorococcus SS120 and MED4), the IMS101 genome displays characteristics that are inconsistent with streamlining. IMS101 has a large suite of regulatory proteins (COG K, transcriptional regulators subgroup; 141 vs. 55 average of the four genomes), motility-related proteins (COG N; 56 vs. 6.5 average), increased number of transport-related proteins (COG P; 125 vs. 75.25 average), signal transduction proteins (COG T; 146 vs. 41.75), a large number of transposase sequences (165 vs. zero), and numerous pseudogenes (625 vs. 3). Normalizing the number of these genes in IMS101 either by genome size (IMS101 is 3.7 times greater than the picoplankton average) or gene count (IMS101 is 2.2 times greater than the picoplankton average) shows that regulators and transporters roughly scaled with the increases in size, while transposases, motility genes, signal transducers, and pseudogenes (Figs. S1 and S2) were enriched in IMS101. These data suggest that unlike the recently described photofermentative, cyanobacterial symbiont, Candidatus Atelocyanobacterium thalassa (17, 38) , and marine Synechococcus and Prochlorococcus, the metabolism predicted for Trichodesmium is not minimized.
Based on Integrated Microbial Genomes (IMG) COG analysis, Crocosphaera (strains WH8501, WH0003, and WH0401, average values reported below) and Trichodesmium retain similar numbers of signal transduction proteins (131 vs. 146) and transporter-related proteins (125 vs. 110), whereas Crocosphaera possesses slightly more transcriptional regulator proteins (29 vs. 13) and motility proteins (33 vs. 29) (Dataset S1). In terms of gene content, Crocosphaera does not necessarily exhibit a streamlined profile but its coding percentage is still that of an average free-living prokaryote (∼75-80%), whereas Trichodesmium also retains similar protein content to Crocosphaera but has a substantially reduced coding percentage.
Accordingly, the IMS101 genome encodes 5,076 proteins (per the IMG annotation https://img.jgi.doe.gov/), yielding a coding percentage of ∼60%, whereas its sympatric, picoplanktonic cousins Prochlorococcus, marine Synechococcus, Crocosphaera watsonii, and Cyanothece (41, 48, 53, 54) , and all of the 45 currently sequenced members of the Oscillatoriales (the cyanobacterial order with which IMS101 is phylogenetically placed) have coding percentages >75%. The Oscillatoriales demonstrates variation both in gene count and genome size (average gene number = 5,663.6 ± 1,150.1; average genome size = 6,346,139 ± 1,207,411), and although the number of genes in IMS101 is within this range, the coding percentage and the genome size are at opposite ends of the spectrum, respectively (Dataset S1). Furthermore, principal component analysis (PCA) of cyanobacterial genome features segregates Trichodesmium from the rest of the taxa based on its substantially lower coding percentage relative to other characteristics ( Fig. S1 and Dataset S1). Similarly, a PCA including only cyanobacteria that possess annotated transposases also shows Trichodesmium segregating away from other genomes opposite the axis of coding percentage, whereas C. watsonii WH 8501 segregates away from others based on the 1,000+ annotated transposases in its genome unlike other sequenced Crocosphaera genomes (41) (Fig. S1B ). These data imply that, although IMS101 has a "normal" number of genes for a filamentous, diazotrophic cyanobacterium, its noncoding space is unique.
Long Intergenic Regions Are Conserved in Trichodesmium. IMS101 was in culture for >10 y (33) before genome sequencing was initiated in 2003. To determine whether the unusual genomic characteristics observed in IMS101 were in common in the T. erythraeum species, we generated draft genome sequence from a more recently isolated strain of T. erythraeum [strain 21-75 (2175) isolated from the Tropical Atlantic in 6/2006 ] that was only in culture for ∼1 y before sequencing (Datasets S2 and S3). Both T. erythraeum strains have relatively large genomes (7-7.78 Mbps), low GC content (∼33-34%), and a reduced protein-coding percentage (∼61%). We also obtained a partial genome sequence from T. thiebautii H94, a Hawaiian isolate from 2004 that is representative of the other major Trichodesmium clade currently in culture (20) , and although this 2009 sequencing run returned low coverage of the H94 genome, the contigs that assembled showed a similarly low coding percentage of ∼61% (Dataset S4). Thus, from this limited genomic analysis of three cultured isolates, it appears that the low coding percentage and large genome observed in IMS101 are commonplace in the genus.
High levels of synteny were also observed between the two T. erythraeum isolates, even through the long, noncoding intergenic regions. According to a MAUVE alignment, the IMS101 and 2175 genomes contain 28 colinear blocks ranging in size from 1,700 bp up to ∼2.5 Mbp (Fig. 1A) .
Additionally, although 2175 is a draft genome, we were able to recover almost all (98%) IMS101 protein-encoding and intergenic regions (96%) using BLASTn (Dataset S5). Homologous intergenic regions between IMS101 and 2175 averaged 510 bp in length with a median of 380 bp. In contrast, the intergenic regions unique to each strain were considerably shorter, with an average length of 53 bp and a median of 21 bp. These results suggest that the unusually long intergenic regions may confer some sort of selectable advantage that ensures their conservation or, conversely, a robust maintenance mechanism that does not act upon the shorter regions.
To place these noncoding characteristics in the context of other bacteria across a broad range of representative phylogenetic origins (55), we performed PCA on multiple genomic features (Dataset S1), including the relative size and distribution of intergenic regions. Fig. 1B shows both Trichodesmium genomes segregating along the axis associated with the median intergenic spacer length, suggesting that maintenance or accumulation of noncoding DNA is distributed throughout the genome rather than confined to a few intergenic regions. This evidence contrasts with previous observations of predominant regulatory protein accumulation in free-living bacteria rather than noncoding DNA (47, 55, 56) , and it further emphasizes the unique size and distribution of Trichodesmium intergenic regions relative to other genome features in bacteria.
Environmental Populations of Trichodesmium Have Low Gene Density.
To extend our analysis of Trichodesmium genome structure to environmental populations, a colony-enriched metagenome was generated from Trichodesmium colonies in the North Atlantic Subtropical Gyre. Fragment recruitment of metagenomic reads against IMS101 shows nearly complete coverage in mixed natural Trichodesmium populations (Fig. 1C, Upper) . Although many of the assembled metagenomic contigs (n = 460,494) were relatively small (N50 = 1,217), a considerable amount of larger contigs was generated (n = 1,032; N50 = 4,335; max length = 12,688) as well. When these larger contigs are mapped to the IMS101 scaffold using nucmer, the subsequent alignment plot strongly suggests genome synteny between IMS101 and natural populations in situ (Fig. 1C, Lower) . Furthermore, the metagenomic dataset contained ∼94% of the IMS101 and 2175 intergenic sequences. Undetected intergenic sequences for both IMS101 and 2175 again had small average intergenic lengths of 85 and 57 bp and medians of 27.5 and 21 bp, respectively. The near-complete in situ detection of each genome's longer intergenic sequences in contrast to the short averages and medians of the undetected intergenic sequences further suggests that in natural populations, longer intergenic regions may be selectively maintained, lending evidence to their potential physiological importance to the in situ ecology of Trichodesmium spp.
Intergenic Regions and Repetitive Elements. The intergenic regions of the IMS101 genome contain numerous DNA repeats, ranging from very small noncoding elements [e.g., highly interspersed palindromic sequences (35, 57) or other repeating sequences (58, 59) ] to larger, gene-encoding insertion sequences (e.g., ref. 60). Because many of the repeating elements can overlap and/or be nested inside of each other, we assessed the contribution of intergenic repeats to the total intergenic space of 2,801,094 bp (SI Materials and Methods). We counted an intergenic sequence as a repeat if it occurred two or more times in the genome. Hence, when comparing IMS101 intergenic regions against the IMS101 scaffold by using BLASTn and summing the length of each repeat sequence hit, it yielded ∼4.1 Mb of nested overlapping repeat sequence. However, when these nested repeats were consolidated into discrete nonoverlapping repeat sequences, only one-third of IMS101 noncoding DNA (804,807 bp) consisted of repetitive elements, or ∼10% of the total genome (SI Materials and Methods). Similarly, approximately one-third of 2175 noncoding DNA (799,980 of 2,708,763 bp of total intergenic space) consisted of nonoverlapping repetitive elements (11.5% of the 2175 genome). Some of these repetitive elements are likely to be mobile, because 58% of the 625 IMS101 pseudogenes are interrupted by a repeat sequence. Regardless of the function of these repeats, their conservation across time and space from bottlenecked isolates to natural communities strongly suggests that selection for maintenance of these elements exists within this genus.
The distribution of repeats around a genome can give insights into the mechanism by which they propagate [i.e., DNA replication slippage for tandem and transposition/recombination for distributed repeats, respectively (58, 61, 62) ]. Here, we compared the distribution of putative transposase genes and insertion sequences in the IMS101 genome to the top 10 intergenic regions containing the most abundant repeats identified in our pipeline (Table S1) . Although the predicted insertion sequences are distributed around the genome, areas of increased density were apparent at ∼3, 8, 9, and 12 o'clock on the genome (Fig. 2) . Focusing on the ∼7.49-to 7.54-Mbp regional cluster, we used BLASTn to identify locations containing numerous overlapping sequence elements, including insertion sequences, predicted transposase-related genes, and repetitive elements (Fig. 2, Inset) , suggesting that this region may be a recombination "hot spot," with both DNA polymerase slippage and transposition causing genetic elements to be stacked on top of each other. Further, we identified sequences from this region in a publicly available metatranscriptome containing Trichodesmium colonies that is geospatially distinct from our metagenome samples (South Pacific vs. North Atlantic, respectively) (27) . These results either suggest that this genomic region is generally conserved and active in the genus, or at least that the single copy elements comprising the region in IMS101 are active and conserved at high identity in other members of the genus, even if the arrangement observed in region 7.49-7.54 is not.
In a gene-centric study comparing Crocosphaera genomes (41), it was observed that most strains did not contain highly repetitive ORFs, with the exception of Crocosphaera watsonii WH 8501, and only WH 8501 had substantially more annotated transposases than the rest of the Crocosphaera genomes. This evidence is also seen in the PCA analysis including transposase and paralog numbers per genome (Fig. S1B) , in which no Crocosphaera genomes segregate along the "Paralogs" axis. C. watsonii WH 8501 segregates away from other genomes along the "Transposase" axis, whereas the other Crocosphaera genomes remain more tightly clustered within the plot. Hence, although WH 8501 possesses a greatly enhanced transposon load relative to Trichodesmium, it did not develop the large noncoding regions observed in Trichodesmium.
Intergenic Regions and ncRNA Elements. In the absence of coding genes, it is possible that noncoding structural RNAs, regulatory RNAs, or ribozymes within the intergenic regions are the selectable traits driving conservation of these regions, which have been recognized as important components in cyanobacterial expression networks (63) . Six known structural RNA elements were identified (using RFAM) within IMS101 intergenic regions (Table S2) . We also used a pipeline that has previously identified cyanobacterial noncoding RNAs (ncRNAs) (63, 64) to look for Trichodesmium structural conservation between intergenic regions among IMS101 and 2175 and their in situ counterparts within metagenomic reads (SI Materials and Methods). For an in situ sympatric comparison, the same procedure was done with either Prochlorococcus (n = 5) or Synechococcus (n = 6) genomes, along with all of the assembled Sargasso Sea sequences from the Global Ocean Sampling dataset (65) . Although it would have been informative to run this pipeline with Crocosphaera genomes, we feel our results would not have been comparable for several reasons (SI Text). However, of the 4,033 predicted ncRNAs in Trichodesmium (see below), only 0.6% were detected in a Crocosphaera metatranscriptome (66) , as well as Crocosphaera and Cyanothece genomes using BLASTn (Dataset S6). This comparison suggests that much of the development and expansion of noncoding sequences in Trichodesmium may be uniquely specific to the evolution of the genus rather than shared with sympatric diazotrophs that also do not display streamlining.
The pipeline predicted 365 putative noncoding regulatory elements in Synechococcus environmental sequences and 190 in Prochlorococcus (Fig. 3A) . This trend is consistent with previous studies showing widespread Prochlorococcus streamlining relative to Synechococcus evidenced in both publicly available genomes (67-69) and environmental single amplified genomes (40) . From the Trichodesmium cultures and metagenome, the pipeline predicted 4,033 nonredundant, noncoding regulatory elements (Fig.  3A) , of which 3,027 (75%) were expressed in the IMS101 transcriptome (Dataset S6) (see below). When putative regulatory elements were normalized per intergenic kilobase (Kb), Trichodesmium and Synechococcus yielded ∼1.5 per intergenic Kb (Fig.  3A, line) , whereas Prochlorococcus yielded <1 regulatory element per intergenic Kb. Although these predictions also include possible regulatory untranslated regions (UTRs), riboswitches, and terminator sequences, the results show evidence for generally conserved intergenic composition among all three sympatric cyanobacteria, with Trichodesmium and Synechococcus possibly possessing slightly more regulatory elements per intergenic Kb.
Expression of Transposases and Intergenic Sequence. To determine global, annotated transposase, and intergenic expression patterns, transcriptomes of biological duplicate IMS101 cultures growing semicontinuously in Aquil medium were sampled near the middle of the photoperiod and sequenced by using the Illumina Hi-Seq platform. This analysis showed that ∼86% of the intergenic regions in Trichodesmium, ∼91% of the IMG annotated transposases, and 75% of the 4,033 predicted regulatory elements from the above pipeline were expressed (Datasets S6 and S7). In a laboratory-based study using a different approach, directed toward the identification of transcriptional start sites, it was determined that at least 18.2% of the intergenic space was transcribed as either ncRNAs or 5′ UTRs of protein-coding mRNAs (70) . This analysis further revealed that, of all bacteria examined to date, T. erythraeum has the highest percentage of transcriptional start sites from which ncRNAs originate. The combination of such widespread noncoding and transposase expression as well as conservation of these sequences across isolates and natural populations suggest that possible widespread RNAbased regulation along with active transposition may be commonplace in the genus. Although the combination of structural predictions and intergenic RNA sequencing lends strong support to active, widely distributed ncRNAs in Trichodesmium, it is still difficult to determine whether expressed portions of intergenic regions are discrete ncRNAs or part of expressed UTRs in mRNA transcripts, or both. To corroborate both our sequencing data and informatic predictions, 18 noncoding elements with consistently strong Illumina expression profiles (Dataset S6) between the biological replicates were chosen for Northern blot analysis, and all yielded positive hybridizations ( Fig. S3 and Tables S3 and S4) . To determine the degree of secondary structural conservation between culture-derived ncRNA sequences and their counterparts in the metagenome and metatranscriptome, we used RNAfold to compare computationally predicted structures (71) (72) (73) (74) . RNAfold predicted very similar core secondary structures between the culture and environmental sequences for most ncRNAs among the top matches (Fig. S4) , with several variations due to shorter/larger loops and hairpins. These conserved features may be selectable traits that drive the conservation of the long intergenic regions in globally distributed Trichodesmium populations.
Population Level Processes vs. Natural Selection. Lynch and Conery propose that microbial genomes are streamlined primarily because their effective population sizes are generally large enough to prevent significant colonization of mobile elements and noncoding sequences, whereas effective population sizes in multicellular eukaryotes are low enough to allow a permissive environment for the expansion of noncoding DNA (51) . The abundant noncoding sequences in Trichodesmium relative to most other free-living bacteria and marine oligotrophs, along with its general genome architecture, may be due to a combination of small effective population size derived from differing morphological genetic subpopulations with varying associated epibionts (e.g., ref. 28), as well as potential rampant active mobile elements via transposase activity. This feature is noteworthy because, unlike Trichodesmium, other bloom-forming cyanobacteria with many repetitive sequences such as Microcystis have an ∼80% coding average, which suggests that other prominent forces are influencing Trichodesmium genome evolution in combination with reductions in effective population size (75) . Hence, the absolute causes of the large, intergenic-rich genomes observed relative to other free-living prokaryotes (76) and marine oligotrophs within the same habitat (40) remain obscure.
Because it is thought that many bacteria are deletion-biased (47, 77) , stable maintenance of these elements from laboratory isolates to the natural samples suggest that they may be required in some fashion for growth both in culture and in situ. It has been shown in numerous systems that repeating elements (repeats and/or IS; Dataset S8) can be mediators of genomic plasticity (61, 62, 78) ; however, the direct impacts of these repeats are not always so clear. For example, high IS density in the genome of Lactobacillus acidophilus has been described (79) , and despite the propensity of these elements to inactivate genes and facilitate recombination of genomic structure (61), the genome of this isolate still displays high levels of synteny with other sequenced Lactobacilli. Because it has also been shown that partial IS sequences can inhibit transposition (78, 80) , it is possible that these repeats/pseudogenes have not been deleted because they are controlling transposition in the transposase-heavy IMS101. Others have hypothesized that the conserved repeat structures observed in some bacteria could function as recombinationdependent "promoter banks" for adaptation to new conditions, thereby allowing relatively quick "rewiring" of metabolism in subpopulations (59, 62, 81) .
Summary
This study highlights a previously unidentified, environmentally conserved genomic architecture of a successful oligotrophic, free-living cyanobacterial diazotroph that is biogeochemically important across global oceanic regimes (3, 5, 24) . Free-living, cyanobacterial diazotrophs such as Crocosphaera and Trichodesmium contain a wealth of transposases, chemotaxis, signal transduction, and pseudogenes that directly contradict the genome streamlining observed in other oligotrophic prokaryotic genomes. Hence, because of these gene content commonalities among some cyanobacterial diazotrophs, it is very peculiar that such low coding percentage and gene density has persisted genus-wide in Trichodesmium populations, both in culture and in situ. One possible explanation is that the intergenic regions experience gradual inflation during certain evolutionary intervals characterized by bloom-driven selective sweeps. Additionally, a central difference in Trichodesmium spp. oligotrophic ecology includes periodic aggregate formation, with possibly varying physical interaction with epibiotic prokaryotes and eukaryotes. Although specific causal factors contributing to the unusual IMS101 genome still remain unclear, these data do confirm the environmental relevance of the Trichodesmium genome architecture, as well as a nonstreamlined, alternative route to a free-living oligotrophic lifestyle.
Materials and Methods
See SI Materials and Methods for logistical protocols. In brief, DNA from batch Trichodesmium cultures was isolated, frozen at −20°C, and processed for sequencing at the Joint Genome Institute (JGI) (IMS101) or at the University of Southern California (USC) (2175 and H94), and annotation was performed using the JGI genome annotation pipeline. Trichodesmium metagenome samples were collected under nonbloom conditions in October 2010 on the R/V Oceanus cruise number OC469-1 near the Bermuda Atlantic Time Series (BATS) station (28°37.474 N, 66°0.606 W). Colonies and trichomes were gently picked, and colony DNA was extracted immediately, stored at −20°C, and shipped to the JGI for pyrosequencing. IMS101 genes and intergenic regions were downloaded from https://img.jgi.doe.gov and were used for fragment recruitment plots, comparative genomics, and principal component analyses. RNA was isolated from flash-frozen biological duplicates of IMS101 cultures growing semi-continuously and sequenced at the USC Epigenome Center. Northern blots and structural sequence predictions were conducted as previously described (see SI Materials and Methods).
